Herein, a novel strategy has been proposed to fabricate graphene quantum dots (GQDs) infilled titanium dioxide (TiO 2 ) nanotube arrays (NTAs) structure for methylene blue (MB) dye degradation activity under UV light (365 nm) irradiation. GQDs are infilled inside the TiO 2 NTAs (via anodic oxidation of Ti sheet) through an impregnation method. Moreover, the morphology of 10 TiO 2 NTAs is well maintained after filling the GQDs inside, which is favorable for mass transfer. The peak intensity of photoluminescence (PL) spectra of GQDs infilled TiO 2 NTAs catalyst is lower than that of annealed TiO 2 NTAs and a strong violet UV emission is obtained at 387 nm upon 252 nm deep UV excitation wavelength. The photocatalytic activities of TiO 2 NTAs are evaluated in terms of the efficiencies of photo-decomposition and adsorption of MB in aqueous 15 solution under UV light irradiation, after the impregnation of GQDs inside the TiO 2 NTAs. The highly-efficient photocatalytic activity is attributed to broad absorption in the visible wavelength region, large photo-induced charge separation through transfer of photo-generated electrons from TiO 2 NTAs to GQDs, as well as, the strong adsorption capacity of GQDs to MB molecules. Thus, the GQDs infilled TiO 2 NTAs could be widely used as a photocatalyst for treating the organic 20 contaminant in the field of environmental protection.
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A novel strategy to enhance ultraviolet light driven photocatalysis from graphene quantum dots infilled TiO 2 Herein, a novel strategy has been proposed to fabricate graphene quantum dots (GQDs) infilled titanium dioxide (TiO 2 ) nanotube arrays (NTAs) structure for methylene blue (MB) dye degradation activity under UV light (365 nm) irradiation. GQDs are infilled inside the TiO 2 NTAs (via anodic oxidation of Ti sheet) through an impregnation method. Moreover, the morphology of 10 TiO 2 NTAs is well maintained after filling the GQDs inside, which is favorable for mass transfer. The peak intensity of photoluminescence (PL) spectra of GQDs infilled TiO 2 NTAs catalyst is lower than that of annealed TiO 2 NTAs and a strong violet UV emission is obtained at 387 nm upon 252 nm deep UV excitation wavelength. The photocatalytic activities of TiO 2 NTAs are evaluated in terms of the efficiencies of photo-decomposition and adsorption of MB in aqueous 15 solution under UV light irradiation, after the impregnation of GQDs inside the TiO 2 NTAs. The highly-efficient photocatalytic activity is attributed to broad absorption in the visible wavelength region, large photo-induced charge separation through transfer of photo-generated electrons from TiO 2 NTAs to GQDs, as well as, the strong adsorption capacity of GQDs to MB molecules. Thus, the GQDs infilled TiO 2 NTAs could be widely used as a photocatalyst for treating the organic
Introduction
Photocatalysts, which accelerates chemical reactions upon light irradiation, have been paid a great attention in environmental 25 remediation and solar fuels production due to its fascinating properties such as quantum confinement and enhanced reactivity. [1] [2] [3] Photocatalyst has a high potential for a wide range of industrial applications including mineralization of organic pollutant, purification of disinfects in water and air, production of 30 renewable fuels and organic synthesis. 1, 3 The degradation of organic dyes using the semiconductor photocatalyst materials is a promising resolution for wastewater purification. 4, 5 Titanium dioxide (TiO 2 ) with low cost, non-toxicity, high redox-ability and chemical stability, has been extensively studied 35 as a most attractive photocatalyst semiconductor for energy saving and environmental protection due to its intriguing optical and electric properties. [6] [7] [8] However, due to its wide band gap of ~ 3.2 eV, it can be excited only by the ultraviolet radiation that occupies about 4% of the solar light, confines its applications in 40 various fields. 9, 10 Moreover, it also exhibits poor visible light absorption, low efficiency in light utilization and high recombination rate of photo-generated electron/hole pairs in comparison to the time of chemical interaction of TiO 2 with the adsorbed contaminants, which greatly retard its photocatalytic 45 performance. 11, 12 In order to utilize the solar energy radiation, the development of catalyst materials which reduce the recombination charge carrier time and harvest more photons in the visible light region of the solar spectrum, has become an active research area in recent years. Thus, the substantial efforts 50 have been adopted to modify the TiO 2 structures and properties such as the charge separation efficiency and enhance photoactivity in visible range. 9, 13 In particular, vertically aligned photocatalyst TiO 2 threedimensional (3D) nanotube arrays (NTAs) have been engrossing 55 attention to improve the photocatalytic activity because of their high orientation, tunable mesopore size, high internal surface area, convenient recycling and ion-changeable ability between interfaces. 5, 14, 15 In addition to this, the TiO 2 photocatalyst has also been extensively studied with the novel heterostructure functional 60 materials such as narrow band-gap semiconductors, metal and non-metal elements and dye molecules to increase the efficiency and range of photon absorption. [16] [17] [18] Carbon based materials as graphene oxide, graphene sheets and graphene quantum dots anchor with the TiO 2 photocatalyst are highlighted as a cost-enhanced activity due to the retarded charge recombination, increased reaction sites and expanded light absorption range properties. 19, 20 These nanostructures concentrate the organics near the photocatalyst surface which could facilitate effective photodegradation of pollutants under visible light. 5 Graphene quantum dots (GQDs) have a perfect sp 2 -hybridized two-dimensional (2D) honeycomb carbon structure with better electron-transport, electron-accepting and stable photo luminescence properties. 21, 22 These have emerged and ignited tremendous research interest due to the pronounced quantum 10 confinement and edge effects. In particular, owing to its zero band gap, large surface area and high electron mobility, it also provides a direct path to charge-transport of photo generated charge carriers, which increases the lifetime of electron-hole pairs, arises through the incident of light irradiation on TiO 2 15 NTAs. 21 scanning electron microscope, which revealed that after anodization and annealing process, the large outer diameter of tube was ~ 110 nm with length 2000 nm. respectively. Then, mixture was cooled and diluted with deionized (DI) water (800 mL) and adjusted the pH about 8 using Na 2 CO 3 . The final solution was further dialyzed in a dialysis bag (retained molecular weight: 2000 Da) for 3 days and thus, graphene quantum dots (GQDs) were obtained. 25 Furthermore, to
Synthesis of graphene quantum dots infilled TiO 2 3D NTAs
The as synthesized GQDs were ultrasonically dispersed into ethanol solution via ultrasonication at frequency 25 kHz for 1 hour to form a homogeneous suspension with a concentration of 5 0.05 mg/mL. The resultant solution was drop casted on mouth surface of the highly oriented TiO 2 3D NTAs (40 V, 4 hours, 500°C) using micro-syringe, as shown in Fig. 2 . It is highlyefficient technique to fill the GQDs into the TiO 2 nanotubes, owing to its hydrophilic nature. Prior to infilled GQDs in TiO 2 10 nanotubes, the hydrophilic nature of annealed TiO 2 3D NTAs was examined using contact angle measurement. It can be found in the Fig. S1 (see supporting information). The contact angle between TiO 2 3D nanotubes and water droplet is about 0° and water is easily spread out on TiO 2 nanotubes surface which 15 enables quantum dot to make easy entry into TiO 2 NTAs. Thus, this process provides efficient entry of GQDs through the hollow mouth of TiO 2 nanotubes within few seconds. The contact angle experiment is evidenced that the water based GQDs are possible to fill efficiently into the TiO 2 NTAs which can be clearly seen in 
Characterizations
The crystalline properties of catalysts were evaluated by 
Photocatalytic degradation of MB
The relative photocatalytic activities of GQDs infilled TiO 2 NTAs were evaluated by spectrophotometrically with an ATI Unicam UV spectrometer by using a 1cm quartz cuvette with a resolution of 2 nm. Prior to exposure to UV lights, GQDs infilled TiO 2 NTAs composite as photocatalyst was immersed into the MB solution (concentration 20 µM in water) for at least 45 min in the dark in a nitrogen atmosphere until no further decrease of the 80 absorption intensity of MB was observed. The optical absorption profiles were acquired at different exposure times to the UV lights (365 nm, 6 W). Note, the solution was blanketed with a nitrogen atmosphere during the entire experimental procedure. The gross structures and phase analysis of as-prepared samples were analyzed by XRD. Fig. 3 presents the XRD patterns of annealed TiO 2 3D NTAs (Fig. 3a) and GQDs infilled TiO 2 3D NTAs (Fig. 3b ). Quantitative analysis of Fig. 3a shows that all of the diffraction peaks are ascribed to TiO 2 and Ti substrate. and the lower recombination rate of its photo-generated electrons and holes than those of the rutile phase. 17 The average crystalline size for annealed TiO 2 3D NTAs samples is 121 nm with respect to (101) plane, which is estimated using Scherer's equation. It is noticed in Fig. 3b that the diffraction patterns from carbon 20 species is not observed, which may result from the small amount and weak intensity of GQDs and the main peak of graphene (2θ = 24°) may have been shielded by the main peak of anatase TiO 2 at (2θ = 25.1°). 20 There is no change in phase of TiO 2 NTAs, as in sample annealed TiO 2 NTAs (Fig. 3a) and GQDs infilled 25 annealed TiO 2 3D NTAs (Fig. 3b) . These features indicate that the crystalline structure of TiO 2 NTAs is not influenced by the filling of GQDs into TiO 2 3D NTAs. The XRD pattern of GQDs is determined in Fig. S2a (see supporting information) . The broad diffraction peak centered at 2θ = 24.4° is attributed to the (002) 30 plane of the carbon structure with hexagonal phase (JCPDS No. 75-1621). The broad peak signifies the low crystallinity and small size of GQDs, which has been verified with the TEM measurements.
Results and discussion
Raman spectroscopy was employed to confirm the formation 35 of a TiO 2 anatase phase and the existence of GQDs into the inner walls of TiO 2 NTAs. The Raman spectra of annealed TiO 2 3D NTAs and GQDs infilled TiO 2 3D NTAs is shown in Fig. 4(a,b) for the graphene structure are also observed in the Raman spectrum of GQDs infilled TiO 2 3D NTAs (Fig. 4b) , which can The GQDs infilled TiO 2 3D NTAs were employed for XPS analysis to detect the purity, bonding states and chemical composition of TiO 2 nanotube and GQDs, the XPS spectrum is 80 shown in Fig. 5 . It is direct evidence of the TiO 2 band structure through the filling of GQDs. All the peak signals are endorsed to only titanium, oxygen and carbon elements which show the high purity of synthesized GQDs infilled TiO 2 3D NTAs. According to XPS spectrum, the characteristic deconvolution peaks of C1s,
85
O1s and Ti(2p) core levels of GQDs infilled TiO 2 3D NTAs are given in Fig. S3 (see supporting information) . The graphene peak (Fig. S3a) is assigned with binding energy of C1s electrons of sp 2 hybridized carbon at around 291 eV. The Ti2p 1/2 and Ti2p 3/2 electrons are attributed at 463.9 eV and 458.24eV binding energy 90 for the titanium (Fig. S3b) , respectively and O1s electron is obtained at 529.5 eV binding energy for the Oxygen (Fig. S3c) in GQDs infilled TiO 2 3D NTAs structure. The characteristic deconvolution peaks (filled area) of GQDs is given in Fig. S3a . To obtain morphology, crystallite size and composition of TiO 2 3D NTAs and GQDs infilled TiO 2 3D NTAs, the TEM images and EDX spectrum are analyzed in Fig. 7 . The TEM image of isolated annealed TiO 2 nanotube with outer diameter ~ 55 110 nm is depicted in Fig. 7a and inset shows the HRTEM image of TiO 2 3D NTAs with high quality lattice fringes without distortion. It clearly demonstrates the crystal quality of TiO 2 nanotubes, which is consistent with the XRD results. The precise observation of HRTEM image indicates that the estimated 60 interplaner spacing of adjacent lattice fringes, as highlighted by black lines, is estimated to be ~0.35 nm which corresponds to the (101) plane of TiO 2 anatase phase. The TEM image of GQDs is shown in Fig. 7b Fig. 8 ; the excitation wavelength is 252 nm. The PL results reveal that the intensity of annealed TiO 2 is higher than the GQDs infilled TiO 2 3D NTAs which were expected because the annealing at 500°C higher temperature is introduced more defects and oxygen vacancy in via oxygen defects and impurities and due to surface states induced at annealing temperature. The estimated band gap from annealed TiO 2 3D NTAs PL spectrum is ~3.2 eV. It is very closely match with the estimated band gap from other spectroscopic technique and also confirms the anatase phase of annealed TiO 2 nanotubes. The PL spectrum of GQDs is shown in Fig. S2c (see supporting information) and inset exhibits strong 5 blue at emission at 320 nm excitation wavelength. A broad peak at 430 nm strong blue emission is observed at 320 nm excitation wavelength.
The optical absorption spectra of annealed TiO 2 3D NTAs and GQDs infilled TiO 2 3D NTAs are shown in Fig. S5 (see 10 supporting information). The samples were dispersed in water and sonicated for 10 min in ultra-sonicater bath. Further, the solution was put in quartz cuvette for UV-visible absorption analysis and reveals that the absorption peak at ~387 nm shown in Fig. S5a . It can be noticed that the intensity of absorption enhancement of the GQD infilled TiO 2 3D NTAs is examined using the reduction of MB in present investigation. The UV-vis absorption spectra of MB solution after being exposed to UV photo-irradiation for different periods of time in the presence of GQD infilled TiO 2 3D NTAs is shown in Fig. 9 . The absorption 30 of MB is very strong in the visible range with two well-defined absorption peaks at 612 and 663 nm and the reduced form is colorless. After the illumination of UV light, electrons are excited from the TiO 2 valence band to the conduction band. The photogenerated electrons may then be exploited for reduction of MB.
35
As oxygen is an effective electron scavenger and it is enhanced by introducing GQDs into the TiO 2 nanotubes. It is important to notice that the reaction media is protected with an inert atmosphere of nitrogen. The absorption features diminish rather quickly upon UV photo-irradiation, suggesting the effective 40 photocatalytic activity of GQD infilled TiO 2 in the reduction of MB due to additional surface provide by GQD as well as additional UV absorbed through GQDs surface. The variation of the intensity of the absorption peak at 665 nm with UV exposure time is presented in inset of Fig. 9 . It is clear that the absorption of TiO 2 and then holes are creating in the valence band. Most of these charges recombine and only a small fraction participates in photocatalytic reactions which decrease the photo-efficiency. Further, after filling the GQDs in TiO 2 NTAs, the degradation rate has faster than the other samples under the same irradiation 85 time and it is exhibited the superior photocatalytic activity for the degradation of MB. About ~99.8% of MB is decomposed for the GQDs infilled TiO 2 annealed samples in 180 min. It may arise from the narrow band gap, reduced charge carriers recombination rate, stabilization and fast electron transport through the GQDs.
90
Besides its high activity, the stability of the GQDs infilled TiO 2 NTAs sample was also investigated. We examined the stability of GQDs infilled TiO 2 NTAs by repeating the photocatalytic degradation of MB for 10 cycle and calculated 95 data are given in Fig. 10b . It can be seen that the GQDs infilled TiO 2 NTAs sustained a high and stable degradation efficiency of 95.5% after the 10 th recycle. The excellent cycling stability is consistent with the nearly unchanged absorption in the visible region. This high cycling stability and reusability of GQDs 100 infilled TiO 2 nanotubes arrays is ascribed to a promising candidate for photocatalytic application. After stability test, we again examined the micro structural morphology of GQDs infilled TiO 2 nanotubes arrays by TEM microscopy, which is shown in Fig. S6 (see supporting information) . TEM image 105 exhibits the GQDs remains in TiO 2 nanotube and doesn't The schematic illustration of methylene blue photodegradation process for GQDs infilled TiO 2 nanotube arrays hybrid structure under UV light irradiation is shown in scheme 1.
35
Upon light irradiation, TiO 2 yields electron-holes and electrons are scavenged by oxygen and GQDs to generate "OH -1 " radicals and "O 2− or H + " intermediate species by reacting with absorbed H 2 O molecules for the photodecomposition of MB. Thus, the photo-generated charges are separated efficiently and transferred 40 from TiO 2 conduction band to GQD for radical generation. The strong π-π stacking interaction between MB molecules and large aromatic domains of GQDs creates a high affinity, good electric conductivity and adsorptivity of MB. Moreover, the large specific surface area of GQDs is also increased the adsorption of the MB 45 molecules. Therefore, in the photo degradation of MB, GQDs play an important role to enhance the photocatalytic activity over the pristine TiO 2 NTAs. 
Conclusions
A facile method has been demonstrated for the fabrication of GQDs (~8-12 nm) infilled TiO 2 NTAs (~110 nm in diameter) by impregnation of GQDs into TiO 2 nanotubes 3D arrays. The TiO 2 crystallographic structure has remained almost identical for all 65 the composites, and TiO 2 anatase phase is confirmed from both XRD and Raman spectroscopy. Microscopy and spectroscopic studies have revealed that the incorporation of GQDs into the TiO 2 NTAs and the optimal assembly and interfacial coupling between the GQDs and TiO 2 nanotubes, respectively. The activity 70 of GQDs infilled TiO 2 NTAs hybrid structure has expanded the light absorption and enhanced the photocatalytic decomposition of MB molecules in aqueous solution under UV light irradiation. This might be attributed due to the large surface area of GDQs and narrow band gap of TiO 2 in the composite, which would 75 allow greater adsorption of visible light, efficient electron transfer from TiO 2 to GQDs, prolonged recombination rate of charge carriers and oxidation of adsorbed molecules. Thus, it is scalable and cost-effective approach for the fabrication of GQDs infilled TiO 2 NTAs as an efficient multifunctional photocatalyst for the 80 degradation of hazardous compounds in waste water. 
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